Abstract-This paper presents empirical and theoretical analyses of spectral hemispherical reflectances and transmittances of individual leaves and the entire canopy sampled at two sites representative of equatorial rainforests and temperate coniferous forests. The empirical analysis indicates that some simple algebraic combinations of leaf and canopy spectral transmittances and reflectances eliminate their dependencies on wavelength through the specification of two canopy-specific wavelength-independent variables. These variables and leaf optical properties govern the energy conservation in vegetation canopies at any given wavelength of the solar spectrum. The presented theoretical development indicates these canopy-specific wavelength-independent variables characterize the capacity of the canopy to intercept and transmit solar radiation under two extreme situations, namely, when individual leaves 1) are completely absorptive and 2) totally reflect and/or transmit the incident radiation. The interactions of photons with the canopy at red and near-infrared (IR) spectral bands approximate these extreme situations well. One can treat the vegetation canopy as a dynamical system and the canopy spectral interception and transmission as dynamical variables. The system has two independent states: canopies with totally absorbing and totally scattering leaves. Intermediate states are a superposition of these pure states. Such an interpretation provides powerful means to accurately specify changes in canopy structure both from ground-based measurements and remotely sensed data. This concept underlies the operational algorithm of global leaf area index (LAI), and the fraction of photosynthetically active radiation absorbed by vegetation developed for the moderate resolution imaging spectroradiometer (MODIS) and multiangle imaging spectroradiometer (MISR) instruments of the Earth Observing System (EOS) Terra mission.
I. INTRODUCTION
L AND surface processes are important components of the terrestrial climate system. An accurate description of interactions between the surface and the atmosphere requires reliable quantitative information about the fluxes of mass and momentum over terrestrial areas, where they are closely associated with the rates of evapotranspiration and photosynthesis. The vegetation canopy is a special type of surface because of its role in the Earth's energy balance and also, due to its impact on the global carbon cycle. The problem of accurately evaluating the exchange of carbon between the atmosphere and terrestrial vegetation has received scientific [1] and also, political attention [2] .
The solar energy that transits through the atmosphere to the vegetation canopy is made available to the atmosphere by reflectance and transformation of radiant energy absorbed by plants and soil into fluxes of sensible and latent heat and thermal radiation through a complicated series of biophysiological, chemical, and physical processes. Therefore, to quantitatively predict the vegetation and atmospheric interactions, it is important to specify those environmental variables that drive the short-wave energy conservation in vegetation canopies. That is, partitioning of the incoming radiation between canopy absorption, transmission, and reflection. Many studies investigated the interaction of solar radiation with vegetation canopies through canopy radiation models (see for example, [3] , [4] ). Most of them, however, were aimed at examining the scattering behavior of various types of vegetation which is correlated with vegetation-atmosphere processes [5] , [6] . In the forests, for example, the interactions of photons with the rough and rather thin surface of tree crowns and also, with the ground exposed through gaps between the crowns, determine the observed variation in the directional reflectance distribution. On the other hand, it is the radiation regime within the canopy that triggers biophysiological, chemical, and physical processes. To a large degree, these influence the exchange of energy, water, and carbon with the atmosphere [6] . Models that account for the scattering properties of vegetation only, although accurate, are not sufficient to describe the radiation regime within vegetation canopies.
The concept of characterizing the state of vegetation canopies via the law of energy conservation arises in the context of remote sensing of vegetation [7] , [8] . An algorithm for the estima-0196-2892/01$10.00 © 2001 IEEE tion of leaf area index (LAI) and fraction of absorbed photosynthetically active radiation (fAPAR) based on the law of energy conservation has been developed and implemented for operational use with moderate resolution imaging spectroradiometer (MODIS) and multiangle imaging spectroradiometer (MISR) data during the Earth Observing System (EOS) Terra mission [9] , [10] . A key idea to incorporate the energy conservation law for the retrieval of LAI and fAPAR is the use of eigenvalues of the transport equation to relate optical properties of individual leaves to vegetation canopy transmittance, absorptance, and reflectance. Although this approach was theoretically justified [9] , [10] and prototyped with available satellite data [11] , [12] , no direct evidence of its validity was presented. Our primary objective in this article is to demonstrate the theoretically derived relationships between the eigenvalues of the transport equation; leaf and canopy optical properties are consistent with those derived from measurements. Eigenvalues that drive the short-wave energy conservation in vegetation canopies are measurable parameters. Therefore, our secondary objective is to demonstrate the importance of including systematic measurements of leaf and canopy spectral properties in ground-based observation programs at research stations. This data can be used to accurately specify dynamics of canopy structure changes.
II. EXPERIMENTAL SITES, INSTRUMENTATION AND MEASUREMENTS
The hemispherical canopy transmittance (reflectance) for nonisotropic incident radiation is the ratio of the mean downward radiation flux density at the canopy bottom (mean upward radiation flux density at the canopy top) to the downward radiation flux density above the canopy. The hemispherical leaf transmittance (reflectance) is the portion of radiation flux density incident on the leaf surface that the leaf transmits (reflects). The hemispherical leaf albedo is the sum of the hemispherical leaf transmittance and reflectance. All these variables are wavelength dependent. The reflectance and transmittance of an individual leaf depends on the tree species, growth conditions, leaf age, and its location in the canopy space. Described below are the two forest sites with a dark ground chosen to measure leaf and canopy optical properties.
A. Sites and Instruments

1) Forêt des Abeilles Site:
This site is an equatorial rainforest at the border of Réserve de La Lopé-Okanda, Gabon (Forêt des Abeilles; 0 40′ 82″ S and 11 54′ 65″ E; altitude: 215 m a.s.l.). The measurements were taken during an Operation Canopy La Makande'99 campaign (www.radeau-des-cimes.com). The dominant vegetation type is "Marantaceae-forest" [13] , [14] , containing typical climbing species of Marantacee (e.g., Haumania liebrechtsiana, Hypselodelphis violaceae or Ataenidia conferta) in the understory. The forest is clearly stratified into three main layers: 1) the understory, up to 10 m high; 2) the lower tree layer (lower canopy), 15 to 20 m, with species such as Trichoscypha spp. (Anacardiaceae), Enantia chlorantha and Polyalthia suaveolens (both Annonaceae), as well as various Lauraceae (Ocotea gabonensis) and Rubiaceae; and 3) the upper tree layer (upper canopy), 30 m and higher (up to 60 m). The mean tree height is about 45 m, and the predominant species is Burseraceae Aucoumea klaineana (Okoumé). Other important species are Dacryoides buettneri (Burseraceae), Irvingia gabonensis, and I. grandifolia (Irvingiaceae), various Dialium species (Caesalpiniaceae), and other Leguminoses or the giant Ongokea gore (Olacaceae).
2) Solling Site: This site is a coniferous (Picea abies (L.) Karst) forest in Solling approximately 50 km North-West of Göttingen, Germany ("F1 Fläche;" 51.46 N and 9.35 E, Altitude: 500 m a.s.l.). The forest is nearly 115 years old. The trees average a height of 26 m, with an average crown height of about 11 m. The tree density is 456 trees/ha, and the ground beneath the canopy is a dark soil with litter-fall. A one-year shoot of size 5-7 cm was taken as the basic foliage element ("needle leaf") in this study. This site was selected in 1966 as an experimental region for a "Solling Project" within the EU Program "Experimental Ecology" [15] .
3) Instruments: The LI-1800 spectroradiometer with standard cosine receptor was used to measure canopy spectral transmittances and to determine the spectral composition of incoming radiation in the region from 400 nm to 1100 nm, at 1 nm resolution. The instrument was mounted on a tripod with a specially constructed holder to keep the LI-1800 horizontal at about 1 m above the forest floor. The LI-1800-12 external integrating sphere was mounted on LI-1800 to measure the leaf spectral hemispherical transmittances and reflectances. The spectroradiometer was calibrated by means of the LI-1800-02 optical radiation calibrator. In Solling, the canopy spectral hemispherical reflectances were also measured.
B. Field Measurements
All measurements at the Forêt des Abeilles site, Gabon, were performed with one LI-1800 instrument. A rope system was mounted between an Irvinia grandifolia tree and a raft [16] that was located on the crown of a Dialium sp. First, the instrument was pulled up and the spectral variation of incident radiation flux at the top (nonobscured by tree crowns) was measured. Then it was pulled down and measurements of spectral downward radiation fluxes were taken at six different points located 1 m above the forest floor. The average of these six measurements was taken as the mean downward radiation flux at the canopy bottom. To account for changes in sun position during ground measurements and consequent changes in spectral composition of the incident radiation, a second measurement of the incident spectral flux at the top was taken immediately following the ground measurements. The mean of the two measurements was used to specify the incident spectral flux in the canopy. The mean canopy transmittance was evaluated as the ratio between mean fluxes of transmitted and incident radiation fields. These measurements were carried out on March 3, 1999 between 10:00 and 11:00, and March 4, 1999, between 11:20 and 12:20, under clear sky conditions.
Five leaves from each layer were sampled and their spectral transmittances and reflectances were measured 1 h later under laboratory conditions using the same LI-1800 and the external LI-1800 integrating sphere. For each layer, a pattern of leaf spectral transmittance and reflectance is taken as the average of the five measurements. Fig. 1(a) shows the leaf spectral albedo (leaf transmittance plus leaf reflectance) and its standard deviation for leaves in the understory of the Forêt des Abeilles rainforest stand.
In Solling, two LI-1800s calibrated to one another were used to measure the canopy spectral transmittances. The first was mounted on top of a 50 m tower [17] . It was programmed to sample the spectral composition of the downward radiation flux every 3 min. The second instrument was used to measure the spectral variation of downward radiation fluxes at six different points, each point 1 m above the forest floor. Six simultaneous measurements of incident and transmitted radiation fluxes were taken on June 4, 1998 between 15:30 and 16:00, and June 6, 1998 between 11:30 and 12:00, under clear sky conditions. For each day, mean spectral downward radiation fluxes at the canopy top and bottom were evaluated using these six simultaneous measurements. The mean canopy transmittance was evaluated as the ratio between mean fluxes of transmitted and incident radiation. On June 4, 1998, the second LI-1800 was mounted on top of the tower to measure upward radiation flux. The spectral variation of upward fluxes was collected between 13:00 and 13:30. The ratio between upward and downward radiation fluxes above the canopy was taken as the canopy reflectance.
One-year shoots of size 5-7 cm with needles of different ages (current year and second year) were sampled from sun and shade parts of crowns. Their spectral transmittances and reflectances were measured one hour later in a laboratory, using the second LI-1800 with the LI-1800-12 external integrating sphere. We followed the standard measurement methodology [18] , though no geometrical corrections were made [19] . The spectral curves were separated into four groups with respect to the location of the shoot in the canopy space (sun and shade crown) and needle age (current year and last year). Each group was represented by five spectral curves. From these data, three patterns of mean leaf spectral transmittance and reflectance were derived. They were assumed to represent the optical properties of the leaves in the sun, shade, and the entire crown. Fig. 1(b) demonstrates the mean spectral albedo and its standard deviation of leaves in the whole crown.
III. CANOPY SPECTRAL TRANSMITTANCE AND ABSORPTANCE:
DATA ANALYSIS Let , , and be the canopy transmittance, reflectance, and absorptance at wavelength . These variables are the three basic components of the law of energy conservation. If reflectance of the ground below the vegetation is zero, this law can be expressed as (1) that is, radiation absorbed, transmitted, and reflected by the canopy is equal to radiation incident on the canopy. Let leaf transmittance, reflectance, and albedo at wavelength be denoted by , and , respectively. They are related as Let be the canopy absorption normalized by leaf absorption , i.e.,
For a vegetation canopy bounded at its bottom by a black surface, this variable is the mean number of photon interactions with leaves at wavelength before either being absorbed or exiting the canopy. We term this variable canopy interception.
A. Spectral Invariant
We begin the data analysis by examining the variable (2) where represents either the canopy transmittance, , canopy interception, , or canopy reflectance . Note that , , , and , are symmetrical functions with respect to the spectral variables and . That is, . These functions are undefined when . We consider the case when . For each day and site, the spaces , , , and of realizations of were created. That is, values of the function corresponding to all combinations of and , for which were calculated. In order to avoid division by zero in (2), values of corresponding to couples for which were used. For the Solling site, included values of corresponding to the mean spectral albedos of leaves in sun, shade, and the whole crown. For the Forêt des Abeilles site, patterns of mean albedos representing different vertical layers and the entire canopy were used to define . For each pattern of leaf albedo, histograms of were derived. Finally, the cumulative distribution functions [probability that ;
] and density distribution functions were derived from these histograms. The cumulative and density distribution functions and , derived from data collected at the Forêt des Abeilles site on March 3, 1999 , are shown in Fig. 2(a) . A subset of corresponding to the spectral albedo of leaves in the understory contained 213 341 values of (2). One can see that is very close to the Heaviside function, with a sharp jump from zero to 1 at 0.88. The density distribution function behaves as the Dirac delta-function, i.e.,
. Indeed, 74% of the 213 341 values fell in the interval [0.84, 0.96). 4% and 22% of these values were below 0.84 and above 0.96, respectively. The density distribution function achieved its maximum at 0.88. The distribution functions and corresponding to the same mean albedo and derived from data collected on March 4, 1999, exhibited similar behavior. However, the maximum of was at 0.96. The density distribution functions derived from data collected at the Solling site on June 4, 1998, between 15:30 and 16:00 and June 6, 1998, between 11:30 and 12:00, are shown in Fig. 2(b) . The space was formed from values of corresponding to spectral variables from the interval [550 nm, 1000 nm]. Values of , at which the density distribution functions reached their maximum were 0.52 (June 4, 1998) and 0.48 (June 6, 1998). Thus, the most probable value of is strongly sensitive to the canopy structure and slightly to sun position. Fig. 3 (dotted line) demonstrates the density distribution function for the canopy reflectance derived from Solling data. Combinations of ( ) were formed from the interval [550 nm, 1000 nm], and the mean spectral albedo of leaves in the entire crown was used. The maximum of was at 0.92. Solid line in Fig. 3 illustrates the density distribution function the for canopy interception derived from Solling data (June 4, 1998) using the same pattern of leaf spectral albedo and the spectral interval [400 nm, 1000 nm]. The interval [0.92, 1] contained 79% of 170 405 values in the space , maximum of was at 0.94. Thus, with a high probability, the variables (2) are wavelength independent, i.e., is invariant with respect to the wavelength.
B. Spectral Variation of Canopy Transmittance and Absorptance
Results presented in Section III-A indicate that simple algebraic combinations of leaf and canopy spectral transmittances and reflectances are only slightly sensitive to the wavelength. 
If our hypothesis about the invariance of (2) is correct, one can evaluate canopy transmittance, reflectance, and absorptance at any wavelength once these variables are known at a reference wavelength . It will be shown in this section that (3) can be used to evaluate canopy transmittance and interception (and, consequently, canopy absorptance) but not canopy reflectance. For each experimental site, we solved the following problem: given the pattern of mean leaf spectral albedo (defined in Section II-B), find such that the disagreement between measured values of and those evaluated with (3) is minimized. Table I (3) approximates the canopy spectral interception accurately. Given canopy interception, canopy spectral absorptance can be evaluated as . Substituting this expression into (3), one obtains the following formula for canopy spectral absorptance [9] (4) Fig. 8(a) shows measured and calculated canopy spectral absorptances for the Solling site.
Calculations presented in Section III-A indicate the density distribution function for canopy reflectance localizes some values of (Fig. 3) . Although the measured and calculated reflectances are sufficiently close to each other [ Fig. 8(b) ], (3) cannot be used to approximate canopy spectral reflectance. Indeed, let us assume that this describes the physics of the radiative transfer process correctly. It follows from this assumption that is either a decreasing (if 1) or increasing (if 1) function with respect to . Fig. 9 (a) shows the function derived from Solling data. One can see that our assumption contradicts the measurements. Thus, the use of (3) to simulate spectral variation of canopy reflectance can lead to a wrong interpretation of the radiative transfer process in vegetation canopies.
Why does the density distribution function localize some values of ? One can see from Fig. 9(a) Recall, the upward flux of canopy leaving radiation was measured at one spatial point above the forest stand (Section II-B), resulting in a rather high uncertainty in the measured canopy spectral reflectance [17] . The effect of this uncertainty on the canopy spectral absorptance is not quit discernible [ Fig. 10(b) ]. However, values of derived from a particular measurement of canopy spectral reflectance can greatly differ from those obtained by resolving the energy conservation law (1) with respect to and using (3) to evaluate canopy spectral transmittance and absorptance. Fig. 13(c) shows the weighted canopy reflectances versus the mean albedo of a leaf in coniferous tree crowns for three patterns of the weight derived from the Solling data. Essential variations in the shape of can be seen and consequently, the points at which reaches its maximum can clearly be seen. Although not enough data were collected to evaluate the mean canopy reflectance accurately, the canopy reflectance calculated with (1) and (3) reflects the correct tendency in the behavior of data. That is,
is not a monotonic function with respect to the leaf albedo [ Fig. 10(c) ]. This finding suggests that focusing on the development of canopy radiation models without accounting Fig. 1(b) were used to plot measured values of (1 0 !)r versus the mean albedo of a leaf in coniferous tree crowns, namely, the mean albedo ! of a leaf in coniferous tree crowns (legend "mean w"), and ! 6 (legends "mean w + sigma" and "mean w 0 sigma," respectively). Here, is the dispersion of !. The meaning of the labels "p = 0.10," "p = 0.48," and "p = 0.85" is the same as in Fig. 6. for canopy transmittance and absorptance (which are sensitive to the within-canopy radiation regime) can lead to an incorrect interpretation of measured data.
Thus, the energy conservation in vegetation canopies at a given band of the solar spectrum is driven by optical properties of individual leaves at this spectral band and two wavelength independent structural parameters. Simple algebraic combinations of leaf and canopy spectral transmittances and reflectances which eliminate their dependencies on wavelength determine the structural variables. Given canopy optical properties of an individual leaf, two structural variables and canopy transmittance and absorptance at a reference wavelength, the correct proportion of canopy absorptance, transmittance and reflectance can be found at any wavelength of the solar spectrum. The following section presents a theoretical justification of this statement.
IV. CANOPY SPECTRAL TRANSMITTANCE AND ABSORPTANCE: THEORY
Analysis presented in Section III indicates that the cumulative distribution functions of random variables , , and , can be described by the Heaviside function. This means expression (2) does not depend upon wavelength. That is, they are invariant with respect to the spectral variable. In this section, we develop theoretical arguments to interpret the physical meaning of the points at which the cumulative distribution functions of , , and jump from zero to 1. The analysis is based on the following physical concept: the measurement of a dynamical variable must result in an eigenvalue of a linear operator representing that dynamical variable. The state in which the dynamical variable has that value is represented by the corresponding eigenvector [20] . In the case of canopy transmittance, an operator that assigns downward radiances at the canopy bottom to incoming radiation can be taken as the linear operator representing the transmittance process. An operator that sets in correspondence to the incoming radiation, a three-dimensional (3-D) radiation field within the canopy can be taken to represent the interception process. The equation of radiative transfer in the vegetation canopy [21] is used to specify these operators.
A. Radiative Transfer Problem for Vegetation Media
Consider a vegetation canopy in the layer 0 . The top 0 and bottom surfaces form its upper and lower boundaries. The position vector denotes the Cartesian triplet ( ) with its origin at the canopy top. Assume that photons interact with phytoelements only. That is, photon interactions with the optically active elements of the atmosphere inside the layer are ignored. The radiation field in the vegetation canopy can be described by the 3-D transport [22] - [24] , namely (5) Here is the monochromatic radiance which depends on wavelength , location and direction . The unit vector is expressed in spherical coordinates with respect to axis and cos and are its polar angle and azimuth. is the leaf area density distribution function, is the projection of leaf normals at onto a plane perpendicular to the direction , and is the area scattering phase function [22] . A precise description of these variables can be found in [22] , [23] . Below, the formulation of [23] is adopted.
Equation (5) is a statement of the energy conservation law in the phase space . The first term characterizes the change in radiance along at , the other terms show whether the changes take place at the expense of absorption and scattering in the vegetation canopy (second term) at the expense of the scattering from other direction into (third term). The wavelength independent function is the total interaction cross-section (attenuation coefficient). This cross-section is the sum of wavelength dependent scattering and absorption coefficients, i.e.,
The scattering coefficient is defined as [21] Here the integration is performed over the whole sphere 4 . The absorption coefficient then can be specified from (6) . The magnitude of scattering by the elements of the vegetation canopy is described using the hemispherical leaf albedo
An individual leaf is assumed to reflect and transmit the intercepted energy in a cosine distribution about the leaf normal. In this case, the hemispherical leaf albedo is not dependent upon the angular variable . The area scattering phase function is a symmetrical function with respect to angular variables [25] and the reciprocity property is locally valid. Let a parallel beam and diffuse radiation be incident on the upper boundary. Reflectance of the ground underneath the vegetation canopy is assumed to be zero. This case is given by the following boundary conditions:
Here and denote points on the upper and lower boundaries, respectively, and is the intensity of incident (direct and diffuse) radiation. The solution of the boundary value problem expressed by (5), (8) , and (9) describes the radiation field in 3-D forests [24] , [26] .
Field measurements described in Section II provided the spatial distribution of the following variables: 1) spectral variation of downward ( ) and upward ( ) radiation fluxes above the forest where is the solution of the boundary value problem (5), (8)- (9), 2) spectral variation of downward radiation flux at the canopy bottom, that is (10) and 3) hemispherical spectral leaf albedo . In terms of these notations, canopy transmittance , reflectance , and interception can be expressed as Here and denote the mean over the bottom and top canopy boundary, is a domain in which the vegetation canopy is located, and is the area of the top canopy boundary. All the measured variables are related via the energy conservation law [i.e., the transport (5) and boundary conditions (8) and (9)]. Our goal is to explain the empirical relations derived in Section III using this basic physical principle.
B. Scattering Process in Vegetation Media
Assumptions formulated in the previous subsection are sufficient to precisely derive spectral variation of canopy interception from the 3-D transport equations. That is, (2) for does not depend on spectral variables [9] . A similar statement was formulated earlier for canopy transmittance [9] , but no theoretical justification of its validity was presented. The aim of this subsection is to formulate certain additional assumptions that allow the derivation of the spectral variation of canopy transmittance. For simplicity, specular reflection by leaves is ignored, which is not critical to the following analysis.
The area scattering phase function can be expressed as [21] Here, is the outward normal to the leaf surface, is the probability density of the leaf's normal distribution over the upper hemisphere, and are the bidirectional reflectance and transmittance factors of an individual leaf, which are assumed Lambertian, i.e., and , where and are the leaf hemispherical reflectance and transmittance, respectively. The variables and were measured at both the sites described in Section II. Under these assumptions, the area scattering phase function can be expressed as (11) where and are wavelength independent functions defined as It follows from (7) and (11) that the hemispherical leaf albedo can be expressed as [21] The spectral leaf reflectance and transmittance are assumed independent of the spatial variable .
Differentiating (5) and boundary conditions (8)- (9) with respect to and and accounting for (11) , one can obtain that the function satisfies the equation (12) and the boundary conditions 0 for downward directions, and 0 for upward directions.
C. Eigenvalues and Eigenvectors of the Transport Equation
An eigenvalue of the transport is a number such that there exists a function that satisfies (13) with vacuum boundary conditions. Here, denotes . Under some general conditions [27] , the set of eigenvalues , and eigenvectors , is a discrete set. The eigenvectors satisfy the condition of orthogonality. The transport equation has a unique positive eigenvalue that corresponds to a unique positive eigenvector. This eigenvalue is greater than the absolute magnitudes of the remaining eigenvalues. This means that only one eigenvector, i.e., , takes on positive values for any and .
We expand the solution of the transport equation in eigenvectors, namely (14) where the coefficients do not depend on spatial or angular variables. Here we separate the positive eigenvector into the first summand. Substituting (14) into (12) and accounting for (13) 
results in
Here is the eigenvalue corresponding to the eigenvector . It follows from this equation that (15) The general solution of the first order partial (15) with respect to the function can be expressed as [28] 
where is the characteristic curve of (15), and is an arbitrary function of one variable. Letting and , one can specify this function as Substituting this function into (15) , one obtains where . The spectral variation of the coefficients corresponding to two different experimental sites is shown in Fig. 5 . Thus, if the th summand of the expansion (14) at a reference leaf albedo for different values of parameter is known, the summand for any other can be easily found. The maximum positive eigenvalue corresponding to the positive eigenvector, can be estimated as [21] (17)
Here, where is a wavelength independent constant.
Substituting (14) into (10) and accounting for (16) and (17), one obtains an expansion for the canopy transmittance, namely (18) Here Values of depend on the reference hemispherical leaf albedo , the value of at the reference leaf albedo, the direction of direct solar radiance , and the points . Let us consider the first term of the series (18) . It means that averaging the canopy transmittance over the angular variable, and the ground surface results in the term subscripted by 0 to be dominant in the expansion (14) . However, variations in the summands caused by variation in the direction of incident solar radiation make the coefficient sensitive to the conditions of canopy illuminations and . Model calculations presented in [9] support these arguments. Thus, if the canopy transmittance at a reference leaf albedo for different values of parameter is known, the transmittance for any other can be found [ Fig. 6 ]. It was demonstrated in Section III-B that such an interpretation is not valid for the canopy reflectance. A possible explanation is that the downward radiances result from the sum of two radiation fields. The first is the incident radiation (direct and/or diffuse) that has not interacted in the canopy and the second is the intensity of photons scattered one or more times in the canopy (the scattered component). The upward radiation field is represented by the scattered component only. Therefore, the linear operators describing canopy reflectance and transmittance are different. Clearly, these arguments are not precise and merit further consideration.
Multiplying (14) by and integrating over spatial and angular variables, one obtains a formula for canopy interception. It was shown [9] that the integration procedure results in only the positive term containing . Moreover, the dependence of on the coefficient disappears in this case. Thus, the canopy interception and absorption depend on the maximum eigenvalue and can be expressed by (3) and (4), respectively. Canopy absorptance, therefore, is a function of the wavelength independent coefficient and the hemispherical leaf albedo. Resolving (4) with respect to , one obtains the cumulative distribution function of , which is the Heaviside function. Equation (4), describing the spectral variation of canopy absorptance can be derived as in Section III-B.
The following interpretation of the coefficient can be given. Taking 0 and 1 in (3), one obtains the following relationship between canopy interception and the coefficient :
The right side can be evaluated, e.g., using Monte Carlo technique [29] as the ratio , where and are counts of photon interactions with absorbing ( 0) and scattering ( 1) leaves, respectively. For example, if the canopy is idealized as a "big horizontal leaf" then 1, i.e., 0. The ratio coincides with the ratio of leaf absorptances at two wavelengths. A deviation of canopy structure from the "big leaf" model involves the dependence of on . Therefore, models based on the "big leaf" concept must be corrected for the effect of canopy structure.
The point , at which the cumulative distribution function for the canopy interception shows a sharp increases, characterizes the two states of the vegetation canopy, that is, canopy with absorbing and scattering leaves, respectively. All intermediate states can be quantified by the wavelength-dependent maximum eigenvalue . Thus, an actual state of a given vegetation canopy is determined by the hemispherical leaf albedo and canopies of the same structure with absorbing and scattering leaves. The interpretation of the coefficient for canopy transmittance is similar.
V. CONCLUSIONS
This paper presents empirical and theoretical analyses of spectral hemispherical reflectances and transmittances of individual leaves and vegetation canopies in the case of a dark canopy ground. The results show that spectral variations of canopy absorptance and transmittance are mainly influenced by optical properties (spectral leaf transmittance and reflectance) of individual leaves and two wavelength independent structural variables. In the case of canopy absorptance, the structural variable is determined by the capacity of the canopy of given architecture to intercept incoming solar radiation under two extreme situations, namely leaves, which 1) totally absorb and 2) totally reflect and/or transmit the incident radiation. The canopy interception capacity is quantified by the ratio , where and are counts of photon interactions with absorbing and scattering leaves, respectively. In the case of canopy transmittance, this structural variable is determined by the ratio between radiation transmitted under the same extreme conditions of completely absorbing and scattering leaves. Canopy absorptance and transmittance at red and near-IR spectral bands approximate these extreme situations well. Both structural variables are measurable parameters, i.e., they can be estimated from field measurements. An actual capacity of the canopy to transmit and absorb the incoming radiation at a given wavelength is uniquely determined by the product of the mean hemispherical leaf albedo at this wavelength and the corresponding structural variable. Simple functions that relate optical properties of individual leaves and structural variables to canopy absorptance and transmittance have been derived both from an empirical and theoretical point of view.
The 3-D radiation field in a scattering and absorbing medium bounded at the bottom by a reflecting surface can be expressed in terms of surface reflectance properties (independent of medium) and solutions of two surface independent subproblems: the radiation field in the medium calculated for a black surface and the radiation field in the same medium (bounded by the black surface) generated by anisotropic sources located at the bottom [9] , [30] , [31] . This representation of the radiation field does not violate the law of energy conservation within the medium [9] , [30] , [31] . Therefore, to quantitatively describe photon interactions between the vegetation canopy and its floor (soil and/or understory), it is important to specify those variables that determine the radiation transport through vegetation canopies when the reflection from the ground back into the canopy is zero. Such variables include information on intrinsic canopy properties. The canopy radiation regime is a function of the optical properties of individual leaves and canopy ground and two canopy structural variables. Therefore, the energy conservation of solar radiation at a given wavelength is governed by leaf and canopy ground optical properties at this wavelength and two canopy structure-dependent and wavelength-independent variables. This feature of the shortwave energy conservation in vegetation canopies provides powerful means for accurately specifying changes in canopy structure both from ground-based measurements and remotely sensed data [32] .
